The transcriptional basis of vertebrate limb initiation, which is a well-studied system for the initiation of organogenesis, remains elusive. Specifically, involvement of the -catenin pathway in limb initiation, as well as its role in hindlimb-specific transcriptional regulation, are under debate. Here, we show that the -catenin pathway is active in the limb-forming area in mouse embryos. Furthermore, conditional inactivation of -catenin as well as Islet1, a hindlimb-specific factor, in the lateral plate mesoderm results in a failure to induce hindlimb outgrowth. We further show that Islet1 is required for the nuclear accumulation of -catenin and hence for activation of the -catenin pathway, and that the -catenin pathway maintains Islet1 expression. These two factors influence each other and function upstream of active proliferation of hindlimb progenitors in the lateral plate mesoderm and the expression of a common factor, Fgf10. Our data demonstrate that Islet1 and -catenin regulate outgrowth and Fgf10-Fgf8 feedback loop formation during vertebrate hindlimb initiation. Our study identifies Islet1 as a hindlimb-specific transcriptional regulator of initiation, and clarifies the controversy regarding the requirement of -catenin for limb initiation.
INTRODUCTION
During vertebrate development, a variety of progenitor cells are generated and multiple organs are constructed by coordinated proliferation and differentiation. A critical step during organogenesis is the initiation of organ development, where genetic mechanisms control growth and differentiation in a stereotypical morphogenetic process that results in a specific function and morphology for each organ. A thorough understanding of the processes and mechanisms that regulate organ initiation is, therefore, crucial for the study of developmental biology. The vertebrate limb has served as an ideal model system for understanding the mechanisms of organogenesis, including initiation, outgrowth, patterning and morphogenesis (Towers and Tickle, 2009; Zeller et al., 2009) . It also provides a unique setting in which to study the development of the forelimb versus the hindlimb, which are two morphologically distinct but serially homologous organs (Duboc and Logan, 2011; Kawakami et al., 2003b; Logan, 2003) .
During initiation of the vertebrate limb, cells in the lateral plate mesoderm (LPM) proliferate to initiate outgrowth, and, concomitantly, a signal emanating from the LPM acts on the overlying ectoderm . It has been revealed that, both in the forelimb and hindlimb fields, fibroblast growth factor 10 (Fgf10) in the LPM activates the expression of another Fgf gene, Fgf8, in the surface ectoderm (Min et al., 1998; Ohuchi et al., 1997; Sekine et al., 1999) , which then leads to the formation of a mesenchymal Fgf10-ectodermal Fgf8 feedback loop to maintain limb outgrowth. Although it is known that the Fgf10-Fgf8 feedback loop is an evolutionarily conserved molecular component that is essential for maintaining mesenchymal cell proliferation and limb outgrowth, two major questions remain with respect to vertebrate limb initiation. One is the involvement of the canonical Wnt/-catenin pathway in this process, and the other is the difference between forelimb and hindlimb initiation.
Depending on the species, there remains some controversy as to the involvement of the canonical Wnt/-catenin pathway. Our previous studies have demonstrated that Wnt/-catenin signaling in the limb-forming region is an upstream regulator of Fgf10 in chick and zebrafish embryos (Kawakami et al., 2001; Ng et al., 2002) . Wnt2b is expressed in the forelimb and pectoral fin-forming area in the chick and zebrafish, respectively, and Wnt8c is expressed in the hindlimb-forming area in chick embryos. These Wnts signal through the -catenin-dependent pathway. Consistent with this, ectopic activation of the -catenin pathway in the chick flank can induce ectopic Fgf10 expression and the formation of an extra limb. The reciprocal experiment, in which the Wnt/-catenin pathway is downregulated, resulted in loss of limb and fin buds in the chick and zebrafish, respectively. In contrast to these studies, the expression of a Wnt ligand in the limb-forming area of mouse embryos has not been reported so far. Moreover, mice mutant in Lef/Tcf factors, which are transcription factors that mediate Wnt signaling by forming a complex with -catenin, have not exhibited a lack of limb initiation (Galceran et al., 1999) . Therefore, it remains to be clarified whether the -catenin pathway regulates limb initiation in mouse embryos.
The issue of limb type-specific transcriptional regulation of initiation is complicated. Although the Fgf10-Fgf8 feedback loop operates on both the forelimb and hindlimb buds, it has become evident that transcriptional regulation upstream of active proliferation of LPM cells and mesenchymal Fgf10 expression is different in these two types of limbs. Tbx5, which encodes a T-box transcription factor, is exclusively expressed in the forelimb field, but not in the hindlimb field (Gibson-Brown et al., 1996) . Tbx5 -/-embryos show neither forelimb bud outgrowth nor Fgf10 expression in the forelimb field (Agarwal et al., 2003; Rallis et al., 2003) . These reports have established Tbx5 as a crucial regulator of forelimb initiation. By contrast, the genetic mechanisms for hindlimb initiation remain elusive. Previous studies have reported that two transcription factor genes, Tbx4 and Pitx1, are exclusively expressed in the hindlimb field, but not in the forelimb field (Gibson-Brown et al., 1996; Szeto et al., 1999) . However, genetargeting experiments have revealed that neither is necessary for initiation of the hindlimb bud (Lanctot et al., 1999; Naiche and Papaioannou, 2003; Szeto et al., 1999) . Tbx4-null embryos start both initial outgrowth to form the hindlimb bud and Fgf10 expression in the hindlimb-forming region. However, Fgf10 expression in the hindlimb bud is not maintained in the absence of Tbx4. These studies established that Tbx4 is not required for induction but for maintenance of Fgf10 expression (Naiche and Papaioannou, 2003) . Pitx1 -/-mice have small, but well-patterned hindlimbs. These reports highlight our lack of knowledge on the transcriptional regulation of hindlimb-specific initiation, as compared with the role of Tbx5 in forelimb initiation (summarized in Table S1 in the supplementary material). A recent report has demonstrated that Islet1, a LIM-homeodomain transcription factor gene, is transiently expressed in the hindlimb field, but not the forelimb field (Yang et al., 2006) . Moreover, lineage analysis has shown that Islet1-expressing cells contribute to a large part of the hindlimb mesenchyme. These analyses make Islet1 a strong candidate to be a hindlimb-specific transcriptional regulator. However, Islet1-null embryos arrest by E9.5, prior to the initiation of the hindlimb bud in mice (Pfaff et al., 1996) . Thus, the role of Islet1 in the development of the hindlimb remains elusive.
In order to clarify these two major issues in mouse limb initiation, we carried out conditional inactivation studies on the Ctnnb1 (which encodes -catenin) and Islet1 genes in the LPM. Both resulted in loss of the hindlimb bud, demonstrating that the -catenin pathway and Islet1 are required for initiation of the hindlimb. We show that both the -catenin pathway and Islet1 lie upstream of active proliferation and expression of Fgf10 in the mesenchyme of the hindlimb-forming region. Furthermore, our analysis demonstrates that Islet1 function is required for the nuclear accumulation of -catenin and for activation of the -catenin-dependent pathway. -catenin is not required for initiation of, but rather only for maintenance of Islet1 expression. Our study has clarified a controversy regarding the requirement of the -catenin pathway and identified Islet1 as a factor regulating hindlimb initiation, thus clarifying our understanding of an important process during vertebrate limb initiation.
MATERIALS AND METHODS

Mouse lines
The Ctnnb1 flox/flox line (Ctnnb1 tm2Kem ) was purchased from the Jackson Laboratory. Islet1 flox/flox (Song et al., 2009; Sun et al., 2008) , T-cre (Perantoni et al., 2005) and Hoxb6Cre (Lowe et al., 2000) lines have been reported. Fgf10 mutant mice (Min et al., 1998; Sahara and O'Leary, 2009 ) and the BATgal reporter line (Maretto et al., 2003) have been described.
Imaging analysis
-catenin and laminin immunostaining were performed using anti--catenin (BD Bioscience, #610154) and anti-laminin (Sigma, L9393) in combination with Alexa 488 anti-mouse IgG and Alexa 568 anti-rabbit IgG (Invitrogen) with a standard protocol. Islet1 immunostaining was with rabbit anti-Islet1 antibody (1/1000) (Song et al., 2009) or monoclonal 39.4D5 (Developmental Studies Hybridoma Bank, final working concentration 4.5 g/ml). Detection of -galactosidase immunoreactivity in BATgal embryos was by rabbit anti--galactosidase antibody (MP Biomedicals, #55976, 1/5000). TUNEL analysis and phospho-histone H3 (pHis3) analysis were performed using rat antipHis3 (Sigma, H6409) and Cy3-labeled anti-rat IgG (Jackson ImmunoResearch) in combination with the In Situ Cell Death Detection Kit (Roche) according to the manufacturer's instruction. Fluorescent imaging analysis was performed with Leica TCS SP5 and TCS SPE microscopes. The graphs were constructed with the Leica SP5 software, and the quantification of the TUNEL/pHis3 analysis was with MetaMorph software. Scanning electron microscopy analysis was as previously described (Kawakami et al., 2006 ) using a Jeol JSM-6390LV microscope.
Statistical analysis
For statistical significance, sections from embryos of the same genotype were stained by immunofluorescence and DAPI and expressed as the percentage of immunopositive cells among DAPI-positive cells for each embryo. From each embryo, multiple sections were examined, and the number of embryos for each analysis was three or more. Statistical significance was examined by independent t-test.
In situ hybridization
Whole-mount and section in situ hybridization were performed following standard protocols (Bluske et al., 2009; Kawakami et al., 2009; Wilkinson, 1992) .
RESULTS
Activation of the -catenin pathway during limb initiation in mice -catenin is a crucial component of canonical Wnt signaling.
Whereas -catenin is abundant in the plasma membrane, its intracellular level is kept low. Cytosolic -catenin is constitutively subjected to degradation, leading to low levels in the cytosol and nuclei. Upon stimulation of cells with a Wnt ligand, the degradation machinery is inhibited, and cytosolic -catenin accumulates, leading to its translocation into the nucleus. This results in the formation of a complex with transcription factors such as Lef1 and Tcf, leading to the transcriptional activation of downstream genes (Nusse, 2005) . Because nuclear accumulation of -catenin is a hallmark of pathway activation, in order to clarify whether the -catenin-dependent pathway is involved in mouse limb initiation, we first investigated the accumulation of nuclear -catenin by fluorescent immunostaining and confocal imaging. In the prospective hindlimb field at E9.5, just prior to hindlimb outgrowth, when Fgf10 expression in the hindlimb field becomes evident (see Fig. S1 in the supplementary material), we observed two types of cells in the LPM with respect to nuclear -catenin levels as revealed by fluorescence intensity. Whereas both types of cells showed high levels of -catenin in the membrane, one clearly exhibited lower levels of nuclear -catenin, with an elongated morphology (Fig. 1A,C,CЈ) . By contrast, the other exhibited high levels of nuclear -catenin and a relatively rounded morphology (Fig.  1A ,B,BЈ), and constituted ~24% of the total mesenchymal cells in the LPM at the hindlimb field at E9.5. These two types of cells are consistently observed in multiple sections from multiple embryos
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Development 138 (20) ( Fig. 1D-F) , indicating that the LPM is a heterogeneous tissue. These two types of cells are also observed in the forelimb field at E9.0-10.0 (the stage when forelimb buds initiate outgrowth), but are barely detected after E10.5 (data not shown). The levels of nuclear -catenin suggest that stabilization, and hence activation, of the -catenin pathway is temporally regulated in the LPM.
Next, in order to clarify whether the nuclear localization of -catenin is associated with limb initiation, we examined the LPM at the interlimb area of E9.0, E9.5 and E10.0 embryos using the same approach. In contrast to the LPM at the hindlimb-forming area, we have not detected any cells with high levels of nuclear -catenin out of 3581 cells counted in the LPM from 32 sections (compare Fig. 1G ,GЈ,H,HЈ), indicating that nuclear accumulation of -catenin is spatially linked to limb initiation in the mouse embryo. These data suggest that the -catenin pathway is active in the limbforming area in the LPM at the time of limb outgrowth initiation.
To confirm the activation of the -catenin pathway in the limb field in mouse embryos, we utilized the BATgal reporter mouse line. This line has been used to visualize -catenin-dependent pathway activity by lacZ staining (Maretto et al., 2003) . In addition to an intense signal in the tail bud, dorsal neural tube and somites, we also detected patchy signals in the hindlimb-forming area (see Fig. S2E in the supplementary material). This confirms activation of the -catenin pathway in the limb-forming area.
Next, we examined the role of mesenchymal -catenin by conditionally inactivating -catenin, as -catenin-null embryos exhibit severe gastrulation defects (Haegel et al., 1995) . Inactivation of -catenin as early as E7.5 using the T-cre line causes severe truncation of the body posterior to the heart level (Dunty et al., 2008 ) (see also Fig. S3 in the supplementary material), precluding it from being used in the analysis of limb initiation. Instead, we used the Hoxb6Cre line, in which Cre is activated in the LPM after E8.5 (Lowe et al., 2000) . Since Cre activation takes place completely in the hindlimb-forming field, but only in the posterior half of the forelimb-forming field, we focused our analysis on hindlimb development. In order to confirm elimination of -catenin we utilized both immunofluorescence confocal imaging and the BATgal reporter line, as they were used to demonstrate activation of the -catenin pathway in the limbforming area. In both cases, we observed significant reduction of mesenchymal -catenin activity in the hindlimb field at E9.5, the stage just prior to hindlimb outgrowth, demonstrating an efficient inactivation of -catenin in a mesoderm-specific manner (see ), whereas the Ctnnb1 cKO embryos showed no hindlimb outgrowth in seven embryos examined by scanning electron microscopy between E9.5 and E10.0 ( Fig. 2A,B) .
Additionally, no Fgf10 expression in the LPM and no Fgf8 expression in the surface ectoderm were observed in the cKO embryos ( Fig. 2C-F ). These results demonstrate that the mesenchymal -catenin pathway lies upstream of Fgf10 for hindlimb initiation. Unlike the complete loss of the hindlimb bud, we observed small forelimb buds in the Ctnnb1 cKO embryos (see Fig. S2G ,H in the supplementary material). This could be because Hoxb6Cre-mediated inactivation takes place only in the posterior half of the forelimb region in the LPM, and the cells that escaped from Ctnnb1 gene inactivation contributed to proliferation and Fgf10 expression, leading to the formation of small forelimb buds. A similar phenotype has been observed in Lef1 -/-; Tcf1 -/-mutant embryos (Galceran et al., 1999) . The Lef/Tcf family of factors form complexes with -catenin and activate target gene expression. The smaller limb buds, but not the complete lack of limb buds, in Lef1
-/-embryos might be due to a functional redundancy with other transcription factors, such a Tcf3 and Tcf4. The Ctnnb1 cKO embryos die by E11.5, consistent with the fact that -catenin activity is essential for the development of many other organs (Grigoryan et al., 2008) . These reports concur with our observations and support the requirement of -catenin in vertebrate limb initiation.
Our previous report on the differential expression of Wnt ligand genes in chick embryos suggested that the Wnt/-catenin pathway might also have a role in the development of the differences between these limbs, namely forelimb versus hindlimb identity. Since Ctnnb1 cKO embryos develop no hindlimb, we examined this possibility by expression of the hindlimb-specific gene Pitx1, the expression of which starts prior to hindlimb bud outgrowth. Pitx1 has been demonstrated to be required and sufficient to determine hindlimb-specific characteristics in mice (DeLaurier et al., 2006; Lanctot et al., 1999; Szeto et al., 1999) . Contrary to previous predictions, we observed normal expression of Pitx1 in Ctnnb1 cKO as compared with control embryos (Fig. 2G,H) , suggesting that -catenin activity is unlikely to be required for the genetic program that drives limb type specificity (Duboc and Logan, 2011; Kawakami et al., 2003b; Logan, 2003) .
In the Ctnnb1 cKO embryos, we found increased cell death and reduced proliferation of cells in the LPM (Fig. 2I,J) . Compared with littermate control embryos (n4 embryos), both proliferation and cell death showed significant alterations in the Ctnnb1 cKO embryos (n4 embryos), suggesting that -catenin serves as a survival factor as well as a proliferation factor in LPM cells. Given that we detected normal expression of Pitx1, neither a general failure to activate genes in the LPM nor a simple loss of cells by apoptosis is a likely cause of the lack of hindlimb outgrowth. Rather, these observations suggest that a -catenin-dependent genetic program is specifically required for hindlimb initiation as an upstream regulator of Fgf10, independent from serving as a cell survival factor in the LPM. This is further supported by our observation that neither cell proliferation nor cell death is changed in Fgf10 -/-embryos (see Fig. S4 in the supplementary material). This suggests that these alterations in Ctnnb1 cKO embryos are not due to loss of Fgf10 expression in the LPM and are likely to be independent of the Ctnnb1-Fgf10 genetic cascade. Although the Fgf10-Fgf8 feedback loop is known to be required for cell survival in the developing limb bud (Sun et al., 2002) , -catenin-dependent cell proliferation and cell survival in the LPM seem to be regulated independently of FGF activity.
Taken together, our results demonstrate that -catenin is required for the initiation of hindlimb bud outgrowth in mouse embryos, upstream of the Fgf10-Fgf8 feedback loop.
Islet1 regulates hindlimb-specific limb initiation
The limb initiation process seems to have a strong link to forelimb and hindlimb specificity. Tbx5 is specifically expressed in the forelimb field, and Tbx5 -/-embryos fail to induce forelimb bud outgrowth and Fgf10 expression (Agarwal et al., 2003) . Therefore, Tbx5 is required for forelimb initiation; however, the transcriptional regulation required for hindlimb initiation is still unclear. Tbx4 and Pitx1, two genes previously identified as expressed exclusively in the hindlimb field, are not required for initiation of hindlimb bud outgrowth or initiation of Fgf10 expression in the LPM (Lanctot et al., 1999; Naiche and Papaioannou, 2003; Szeto et al., 1999) . Thus, our understanding of the transcriptional regulation of limb-type-specific initiation is limited to Tbx5 in the forelimb, whereas hindlimb-specific transcriptional regulation remains elusive.
We have previously performed several screenings based on the expression pattern in chick embryos (Kawakami et al., 2004; Kawakami et al., 2003a; Trelles et al., 2002) , by which we isolated Islet1 as a gene that is specifically expressed in the hindlimb field and not in the forelimb field (see Fig. S5A in the supplementary material). Although this same expression pattern has been reported in mouse embryos (Yang et al., 2006) , its functional significance during limb development is unclear owing to the lethality of Islet1 -/-embryos by E9.5 (Pfaff et al., 1996) . As such, we inactivated Islet1 using an Islet1 conditional allele (Du et al., 2009; Song et al., 2009 ). Since Islet1 expression in the posterior body
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Development 138 (20) Fgf8 expression is detected in the forelimb (blue arrow) and hindlimb (red arrow) buds in the E10.0 control embryo (E). In the Ctnnb1 cKO embryo, Fgf8 expression is not detected in the hindlimb area (red arrowhead), and weak, discontinuous Fgf8 expression is detected in the forelimb bud (blue arrowhead). Pitx1 expression in the hindlimb-forming area is detected in both control (G, arrow) and Ctnnb1 cKO (H, arrow) embryos at E9.5. f, forelimb bud; h, hindlimb bud or hindlimb area; t, tail bud. (I,J)Quantitative analysis of multiple sections shows significant reduction of proliferation (I) and increased cell death (J) in the Ctnnb1 cKO embryo. Error bars indicate s.d.
starts as early as E8.5 (see Fig. S5A in the supplementary material), we used the T-cre line, which activates Cre in the broad region of the mesoendoderm at E7.5 (Dunty et al., 2008; Yang et al., 2006) . This strategy allowed us to successfully delete Islet1 from the LPM (see Fig. S5B 
in the supplementary material). T-cre; Islet1
-/flox (hereafter referred to as Islet1 cKO) embryos exhibited no hindlimb outgrowth at E10.0, whereas forelimbs developed normally (Fig.  3A-D) . Although we did not obtain Islet1 cKO embryos beyond E11.5, this result demonstrates a requirement of Islet1 for initiating hindlimb outgrowth. The Islet1 cKO embryo showed no Fgf10 expression in the LPM and no Fgf8 expression in the surface ectoderm, indicating that Islet1 acts upstream of the Fgf10-Fgf8 feedback loop (Fig. 3E-H) . Thus, these data demonstrate that Islet1 is specifically required for initiation of the hindlimb, upstream of the Fgf10-Fgf8 feedback loop.
Islet1 regulates expression of Tbx4 but not Pitx1 in the LPM
Our findings compare and contrast two different regulators upstream of limb outgrowth and expression of Fgf10 -Islet1, a hindlimb-specific transcription factor, and Tbx5, a forelimb-specific transcription factor (Agarwal et al., 2003) -in the induction of hindlimb and forelimb bud outgrowth, respectively. Since the entire hindlimb bud is lost, it is not possible to examine other roles of Islet1 in hindlimb specification by morphological analyses. Therefore, we examined the expression of the hindlimb fieldspecific genes Pitx1 and Tbx4 in order to assess a possible role of Islet1 in the specification of limb identity. Genetic analysis has suggested that Tbx4 expression is driven by the hindlimb-specific program, although its role in hindlimb specificity remains controversial (Minguillon et al., 2005; Naiche and Papaioannou, 2007; Ouimette et al., 2010) . We observed a slightly weaker signal for Pitx1 expression and significant downregulation of Tbx4 in the LPM (Fig. 3I-NЈ) . Since the slight downregulation of Pitx1 could be due to a loss of cells in the hindlimb field, we examined proliferation and cell death. We found that Islet1 cKO embryos exhibit a significant reduction in the proliferation of cells in the LPM (n5 embryos, Fig. 3O ), as compared with control embryos (n4 embryos), which could, at least in part, contribute to the absence of a hindlimb. However, unlike Ctnnb1 cKO embryos, we did not observe alterations in cell death (Fig. 3P ). Such reduced proliferation might also contribute to the slightly weaker Pitx1 expression. By contrast, Tbx4 expression in the LPM is severely downregulated, although it is not completely abolished, as compared with persisting expression in the ventral body wall (Fig.  3M-NЈ) . These data suggest that Islet1 is one of factors regulating Tbx4 expression in the hindlimb field, and other factors might participate in the regulation of Tbx4 expression. Although examination of hindlimb-specific morphology in the Islet1 cKO was not possible, these results indicate that Islet1 function is unlikely to be linked to determining hindlimb-specific characteristics in hindlimb progenitors before the formation of the hindlimb bud. Taken together, our analysis has identified Islet1 as a missing piece in the transcriptional regulation of hindlimbspecific initiation in the vertebrate embryo.
Relationship between the -catenin pathway and Islet1
The fact that the losses of -catenin and Islet1 led to the loss of hindlimb initiation raised the possibility that the -catenin pathway and Islet1 might interact functionally to control a common process for limb initiation. In order to address this, we first examined whether nuclear -catenin and Islet1 colocalize by performing a double immunostaining for -catenin and Islet1 in sections prepared from the hindlimb-forming area of wild-type mouse embryos at E9.5. Among 16 sections from five embryos (total 2371 cells), we observed that, except for just two cells, nuclear -catenin and Islet1 do not colocalize (Fig. 4A-CЈ) . This suggests that the -catenin pathway and Islet1 act on different populations in the hindlimb-forming area. Because Fgf10 expression is completely lost in both Ctnnb1 cKO and Islet1 cKO hindlimb fields (Fig. 2C,D, Fig. 3E,F) , we next examined which of the Islet1-positive cells or which cells with active -catenin (BATgal-positive cells) overlap with Fgf10 expression. Fgf10 transcripts were detected in the broad region of the LPM, with stronger expression on the dorsal side (Fig. 4D) . We observed that BATgal and Fgf10 signals overlapped on the dorsal side (Fig. 4E) , whereas Islet1 immunoreactivity overlapped with Fgf10 signal on the ventral side (Fig. 4F ). These results demonstrate that cells with active -catenin and cells with Islet1, which constitute two spatially exclusive populations, overlap with Fgf10 expression.
The mutually exclusive localization of Islet1 and nuclear -catenin does not rule out the possibility that the -catenin pathway and Islet1 affect each other functionally. To clarify this, we examined whether the loss of Islet1 affects -catenin pathway activity, and vice versa. In the hindlimb field of Islet1 cKO embryos, only 1.8% of cells were nuclear -catenin positive, whereas 24.3% of cells were nuclear -catenin positive in control embryos (Fig. 5A) . The hindlimb area of the Islet1 cKO embryos is almost indistinguishable from the interlimb area, where no nuclear -catenin was detected (Fig. 1H) . We further examined this using the BATgal reporter mice. The BATgal reporter signal in the hindlimb field is significantly downregulated in Islet1 cKO embryos as compared with control littermates at E9.5 (Fig. 5B,C) . Examining six sections from two control embryos showed that 22.0% of cells in the LPM were BATgal positive, whereas 8.9% of cells in the LPM in six sections from two Islet1 cKO embryos were BATgal positive (Fig. 5D) . These results suggest that Islet1 functions in the nuclear accumulation of -catenin and activation of the -catenin pathway.
In the reciprocal experimental setting, we observed Islet1 expression in Ctnnb1 cKO embryos at E9.5, suggesting that the -catenin function is not required for Islet1 expression (Fig. 5E,F) , but rather that -catenin seems to be required for the maintenance of Islet1 expression or for the survival of Islet1-expressing cells. This is because of the downregulation of Islet1 in the ventralposterior region of the E10.5 embryo, as compared with control littermates (Fig. 5G,H) .
Our analyses have shown that two genetic systems, involving Islet1 and -catenin, regulate hindlimb initiation in the mouse embryo as upstream regulators of LPM cell proliferation and Fgf10 expression. Moreover, these two players functionally interactIslet1 in the nuclear accumulation of -catenin, and the -catenindependent pathway in maintaining Islet1 expression (Fig. 5I ).
DISCUSSION
In this study, we have shown that -catenin and Islet1 regulate hindlimb initiation. Both genes are required for initiating outgrowth as well as for inducing Fgf10 expression, which provides the signal from the LPM to activate Fgf8 in the ectoderm, initiating the Fgf10-Fgf8 feedback loop for maintaining limb bud outgrowth.
-catenin is required for hindlimb initiation
It has been controversial whether the -catenin-dependent pathway is required for mouse limb initiation. Our previous studies have revealed that the -catenin pathway regulates Tbx5 in the forelimb field, which in turn upregulates Fgf10 expression, during forelimb bud initiation in chick and zebrafish embryos (Kawakami et al., 2001; Ng et al., 2002) . Our studies have also demonstrated that the -catenin pathway regulates hindlimb initiation in the chick (Kawakami et al., 2001 ). This scenario has been uncertain in mammals because, thus far, no Wnt ligand knockout mice have shown defects in limb initiation (Grigoryan et al., 2008) . Similarly, no Wnt ligand gene expression has been reported in the limbforming area in mouse embryos. Several possibilities might account for these discrepancies, including the difficulty in detecting specific Wnt ligands at the low levels at which they are expressed, the limited sensitivity of our detection system, the short time window of expression, and rescue by functional redundancy of multiple ligands. Nonetheless, the possible involvement of the Wnt/-catenin pathway in limb initiation has remained an open question. We have focused our study on -catenin, given that its nuclear accumulation is the hallmark of activation of the signaling pathway, using confocal imaging analysis to directly assess the level of nuclear -catenin and examine the activation status of the pathway. We also utilized a BATgal reporter line, which expresses lacZ under the control of a multimerized Lef/Tcf element, the activation of which depends on -catenin (Maretto et al., 2003) . Such a reporter line has proven useful for visualizing specific signaling activity in a variety of studies, and the confocal imaging and genetic analyses support each other in demonstrating that the -catenin pathway is active in the limb-forming area.
In this study, we have revealed that -catenin is required for mouse hindlimb initiation, upstream of active proliferation and expression of Fgf10 in the LPM, consistent with our previous
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Development 138 (20) studies in chick and zebrafish. In the absence of -catenin, we observed increased cell death and reduced proliferation in the LPM. Since -catenin is a multi-functional factor, it might interact with many factors to regulate cell survival and proliferation (Min et al., 1998; Sekine et al., 1999) . The increased cell death and reduced proliferation are likely to be independent from the function of Fgf10 (Min et al., 1998; Sekine et al., 1999) because Fgf10 -/-embryos exhibit neither increased cell death nor reduced proliferation (see Fig. S4 in the supplementary material). Although nuclear -catenin-positive cells constitute ~24% of LPM, the complete loss of Fgf10 expression and the lack of hindlimb bud outgrowth strongly suggest that the -catenin pathway regulates Fgf10 as a genetically upstream factor for limb initiation, and, in addition, that it controls cell proliferation and survival. Besides the role of -catenin-dependent signaling discussed here, we should also consider another possible scenario: a role of -catenin in cell adhesion, given that only ~24% of LPM cells are nuclear -catenin-positive with a salt-and-pepper pattern. In support of this possibility, a previous study in chick embryos has shown that cellcell adhesion is increased during limb bud formation (Heintzelman et al., 1978) . Although the role of cell-cell adhesion in limb initiation in the mouse embryo is still to be investigated (Wada, 2011) , both functions -in cell-cell adhesion and in the genetic pathway -might contribute during the -catenin-dependent limb initiation process. We speculate that -catenin might also be required in the forelimb field. Our current genetic tool limits our experiments to the hindlimb field; very early inactivation of -catenin mediated by T-cre causes a lack of mesoderm generation (Dunty et al., 2008) , leading to severe truncation of the posterior body structure, which precludes analysis of -catenin loss during limb development (see Fig. S3 in the supplementary material) . Interestingly, Hoxb6Cre can recombine in cells in the posterior half of the forelimb field (Lowe et al., 2000) , and Hoxb6Cre-mediated inactivation of Ctnnb1 resulted in a small forelimb bud compared with control littermates (see Fig. S2G ,H in the supplementary material). This is likely to be due to limited inactivation of -catenin only in the posterior region of the forelimb field, and cells that escaped inactivation would survive and proliferate and turn on Fgf10, leading to the formation of a small forelimb bud. Although we do not exclude the possibility of the involvement of an unidentified factor in the forelimb initiation process, our analysis has revealed that the -catenindependent pathway is active in the limb-forming area, and that it functions upstream of cell proliferation and Fgf10 expression in the LPM during hindlimb initiation in the mouse.
Islet1, a hindlimb field-specific factor, is required for hindlimb initiation upstream of -catenin activation Although induction of Fgf10 is required for establishing the Fgf10-Fgf8 feedback loop to maintain mesenchymal proliferation for both forelimb and hindlimb development, the transcriptional programs that regulate Fgf10 expression are different in these two limbs. Tbx5 has been shown to be the transcription factor specifically regulating forelimb initiation in mice (Agarwal et al., 2003) ; however, hindlimb-specific transcriptional regulation has been elusive. Our analysis has revealed that Islet1, a new player in this field, specifically regulates initiation of the hindlimb, and has clarified the difference between the two limb-type-specific transcriptional regulation programs. Based on expression in the LPM before hindlimb outgrowth, as well as on an immediate decline in its expression after hindlimb bud outgrowth (see Fig.   4471 S5A in the supplementary material), Islet1 is likely to be acting only in the early stage of hindlimb development, similar to how Tbx5 is required only in the early stage of forelimb development (Hasson et al., 2007) .
RESEARCH ARTICLE -catenin and Islet1 in limb initiation
Interestingly, these two factors belong to different gene families, namely the T-box transcription factors (Tbx5) and LIMhomeodomain factors (Islet1). This leads to two possible scenarios. One is that Fgf10 contains multiple regulatory elements for expression in the limb-forming region. In this scenario, Tbx5 and Islet1 regulate different DNA sequences, yet they both genetically lie upstream of Fgf10 during the limb initiation process. Our observation that Fgf10 expression overlaps with both Islet1-positive cells and nuclear -catenin-positive cells, which are located in a mutually exclusive manner in the hindlimb-forming region, also supports this scenario. Even in the hindlimb-forming region, Islet1 and -catenin might regulate Fgf10 in different cell populations. Such a scenario adds another layer of complexity to the regulation of Fgf10 expression. Currently, it is not clear whether this is the case, as enhancer element(s) for Fgf10 expression in the forelimb and hindlimb fields are unknown.
Our data also provide a second scenario. During hindlimb initiation, Islet1 function is required for nuclear localization of -catenin, and Ctnnb1 cKO showed no hindlimb outgrowth, suggesting that -catenin mediates Islet1 function in limb initiation. Then, the -catenin-dependent pathway regulates Fgf10 expression. In this second scenario, Tbx5 might have a similar role to Islet1 in the nuclear accumulation of -catenin. Such a model would explain the requirement for limb-type-specific transcription factors, such as Islet1 and Tbx5, as well as the -catenin-dependent pathway for limb initiation. These models need to be studied in the future.
Relationship between Islet1 and -catenin
Our data demonstrate that both Islet1 and -catenin are required for hindlimb initiation; however, it is still to be elucidated how Islet1 and -catenin interact to initiate the hindlimb bud, given that they exhibit largely exclusive distributions in the hindlimb field. Both factors act in nuclei, Islet1 as a DNA-binding transcription factor and -catenin as a transcriptional co-activator, and thus it is likely that their interaction is non-cell-autonomous. The finding that Islet1 is required for nuclear -catenin accumulation and -catenin activity (visualized by BATgal reporter, Fig. 5 ) suggests that Islet1 might stimulate production of an unknown secreted factor(s), which triggers activation of the -catenin pathway. If Wntdependent mechanisms are involved, Islet1 may be regulating multiple Wnt ligands in the posterior hindlimb field to affect the -catenin pathway, although specific Wnt ligands involved in this process are still unknown. Alternatively, Islet1-dependent factor(s) might be necessary to set up responsiveness to Wnt or other factors to trigger -catenin activation. Similarly, -catenin-dependent production of an unknown factor(s) might act on the maintenance of Islet1 expression. Investigation into these possibilities will be an important step towards a more detailed understanding of the mechanisms of limb initiation.
In conclusion, our data demonstrate that Islet1-dependent nuclear accumulation of -catenin lies upstream of the initiation of hindlimb outgrowth and Fgf10 expression in the LPM of the hindlimb field in mouse embryos. Our analyses have clarified a hitherto controversial role for -catenin in the vertebrate limb initiation process. Furthermore, we have uncovered transcriptional regulation of hindlimb initiation by Islet1, which contrasts with that of the forelimb by Tbx5, and unveiled distinct transcriptional control in different limb types in vertebrates.
